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(54) Exposure apparatus

(57) A projection optical system of the present inven-

tion has a first lens group G<\ being positive, a second

lens groupG2 being negative, a third lens group G3 being

positive, a fourth lens group G4 being negative, a fifth

lens group G5 being positive, and a sixth lens group Gq
being positive in the named order from the object side,

in which the second lens group G2 comprises an inter-

mediate lens group G2m between a negative front lens

L2F and a negative rear lens L2R and in which the inter-

mediate lens group G2M is arranged to comprise at least

a first positive lens being positive, a second lens being

negative, a third lens being negative, and a fourth lens

being negative in the named order from the object side.

The present invention involves findings of suitable focal

length ranges for the first to the sixth lens groups G 1 to

Ge and an optimum range of an overall focal length of

from the second negative lens to the fourth lens with

respect to a focal length of the second lens group G2.
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Description

BACKGROUND OF THE INVENTION

5 Field of the invention

The present invention relates to an exposure apparatus having a projection optical system for projecting a pattern

of a first object onto a photosensitive substrate etc. as a second object, and more particularly to a projection optical

system suitably applicable to projection exposure of a pattern for semiconductor or liquid crystal formed on a reticle

10 (mask) as the first object onto the substrate (semiconductor wafer, plate, etc.) as the second object

Related background art

As the patterns of integrated circuits become finer and finer, the resolving power required for the exposure apparatus
is used in printing ofwafer also becomes higher and higher. In addition to the improvement in resolving power, the projection

optical systems of the exposure apparatus are required to decrease image stress.

Here, the image stress includes those due to bowing etc. of the printed wafer on the image side of projection optical

system and those due to bowing etc. of the reticle with circuit pattern etc. written therein, on the object side of projection

optical system, as well as distortion caused by the projection optical system.

20 With a recent further progress of fineness tendency of transfer patterns, demands to decrease the image stress are

also becoming harder.

Then, in order to decrease effects of the wafer bowing on the image stress, the conventional technology has
employed the so-called image-side telecentric optical system that located the exit pupil position at a farther point on the

image side of projection optical system.

25 On the other hand, the image stress due to the bowing of reticle can also be reduced by employing a so-called

object-side telecentric optical system that locates the entrance pupil position of projection optical system at a farther

point from the object plane, and there are suggestions to locate the entrance pupil position of projection optical system
at a relatively far position from the object plane as described. Examples of those suggestions are described for example
in Japanese Laid-open Patent Applications No. 63-1 181 15 and No. 5-1 73065 and U.S.Patent No.5,260,832.

30

SUMMARY OF THE INVENTION

An object of the invention is to provide an exposure apparatus having a high-performance projection optical system
which can correct the abenations, particularlythe distortion, very well even in the bitelecentric anangement while keeping

35 a relatively wide exposure area and a large numerical aperture.

To achieve the above object, the present invention involves an exposure apparatus having a high-performance pro-

jection optical system comprising a stage allowing a photosensitive substrate (for example, a semiconductorwafer coated
with a photosensitive material such as a photoresist) to be held on a main surface thereof, an illumination optical system
having a light source for emitting exposure light ofa predetermined wavelength and transferring a predetermined pattern

40 on a mask onto the substrate, and a projecting optical system for projecting an image of the mask, on the substrate

surface. The above projecting optical system having for projecting an image of a first object (for example, a mask with

a pattern such as an integrated circuit) onto a second object (for example, a photosensitive substrate).

As shown in Fig. 1 , the projection optical system has a first lens group Gi with positive refracting power, a second
lens group G2 with negative refracting power, a third lens group G3 with positive refracting power, a fourth lens group

45 G4 with negative refracting power, a fifth lens group G5 with positive refracting power, and a sixth lens group Ge with

positive refracting power in the named order from the side of the first object R, and the second lens group G2 further

comprises a front lens Lgp placed as closest to the first object R and having negative refracting power with a concave
surface to the second object W, a rear lens L2R placed as closest to the second object and having negative refracting

power with a concave surface to the first object R, and an intermediate lens group G2M placed between the front lens

so l-2p in the second lens group G2 and the rear lens l-2R in the second lens group G2. The intermediate lens group G2M
has a first lens LM1 with positive refracting power, a second lens L^g with negative refracting power, a third lens 1^3
with negative refracting power, and a fourth lens 1^4 with negative refracting power in the named order from the side of

the first object R.

First, the first lens group G1 with positive refracting power contributes mainly to a correction of distortion while

55 maintaining telecentricity, and specifically, the first lens group Gi is arranged to generate a positive distortion to correct

in a good balance negative distortions caused by the plurality of lens groups located on the second object side after the

first lens group Gi. The second lens group G2 with negative refracting power and the fourth lens group G4 with negative

refracting power contribute mainly to a correction of Petzval sum to make the image plane flat The two lens groups of

the second lens group G2 with negative refracting power and the third lens group G3 with positive refracting power form
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an inverse telescopic system to contribute to guarantee of back focus (a distance from an optical surface such as a lens

surface closest to the second objectW in the projection optical system to the second object W) in the projection optical

system. The fifth lens group G5 with positive refracting powerand the sixth lens group Gfe similarly with positive refracting

power contribute mainly to suppressing generation of distortion and suppressing generation particularly of spherical

5 aberration as much as possible in order to fully support high NA structure on the second object side.

Based on the above structure, the front lens L2F placed as closest to the first object R in the second lens group G2
and having the negative refracting power with a concave surface to the second object W contributes to corrections of

curvature of field and coma, and the rear lens l-2p placed as closest to the second objectW in the second lens group
G2 and having the negative refracting power with a concave surface to the first object R to corrections of curvature of

10 field, coma, and astigmatism. In the intermediate lens group G2M placed between the front lens L2F and the rear lens
L2R , the first lens with positive refracting power contributes to a correction of negative distortions caused by the
second to fourth lenses Lm2-Lm4 with negative refracting power greatly contributing to the correction of curvature of field.

In particular, in the above projecting optical system, the following conditions (1) to (5) are satisfied when a focal
length of the first lens group G1 is f i , a focal length of the second lens groupG2 is f2, a focal length of the third lens group

*5 G3 is f3 , a focal length of the fourth lens group G4 is f4 , a focal length of the fifth lens group G5 is f5 , a focal length of the
sixth lens group Ge is f$, an overall focal length of the second to the fourth lenses LmfUm in the intermediate lens group
G2M in the second lens group G2 is fn , and a distance from the first object R to the second objectW is L:

20

0.1 <f,/f 3 <17 (1)

0.1 <f 2/f 4 <14 (2)

0.01 < f 5/L < 0.9
(3)

0.02 <f 6/L< 1.6
(4)

0.01 <f,/f 2 <2.0.
(5)

Theajnditiontljdefinesanoptimumratiobetweenthefocallength^ofthefirst lens group G^ with positive refracting

30 power and the focal length f3 of the third lens group G3with positive refracting power, which is an optimum refracting

power (power) balance between the first lens group G^ and the third lens group G^ This condition (1) is mainly for

conecting the distortion in a good balance. Below the lower I imit of this condition (1 ) a large negative distortion is produced
because the refracting power of the third lens group G$ becomes relatively weak to the refracting power of the first lens
group Gj. Above the upper limit of the condition (1 ) a large negative distortion is produced because the refracting power

35 of the first lens group Gi becomes relatively weak to the refracting power of the third lens group G3 .

The condition (2) defines an optimum ratio between the focal length f2 of the second lens group Gfe with negative
refracting power and the focal length f4 of the fourth lens group G* with negative refracting power, which is an optimum
refracting power (power) balance between the second lens group G2 and the fourth lens group G4. This condition (2) is

mainly for keeping the Petzval sum small so as to correct the curvature of field well while securing a wide exposure field.

40 Below the lower limit of the condition (2), a large positive Petzval sum appears because the refracting power of the fourth
lens group G4 becomes relatively weak to the refracting power of the second lens group G2 . Above the upper limit of
the condition (2) a large positive Petzval sum appears because the refracting power of the second lens groupG2becomes
relativelyweak to the refracting power of the fourth lens group G4. In order to correct the Petzval sum in a better balance
under a wide exposure field by making the refracting power of the fourth lens group G4 strong relative to the refracting

45 power of the second lens group G2, the lower limit of the above condition (2) is preferably set to 0.8, i.e., 0.8 <
The condition (3) defines an optimum ratiobetween the focal length f5 of the fifth lens groupG5 with positive refracting

power and the distance (object-image distance) L from the first object R (reticle etc.) and the second objectW (wafer
etc.). This condition (3) is for correcting the spherical aberration, distortion, and Petzval sum in a good balance while
keeping a large numerical aperture. Below the lower limit of this condition (3) the refracting power of the fifth lens group

so G5 is too strong, so that this fifth lens group G5 generates not only a negative distortion but also a great negative spherical
aberration. Above the upper limit of this condition (3) the refracting power of the fifth lens group G5 is too weak, so that

the refracting power of the fourth lens group G4 with negative refracting power inevitably also becomes weak therewith,

thereby resulting in failing to correct the Petzval sum well.

The condition (4) defines an optimum ratio between the focal length f6 of the sixth lens group Ge with positive
ss refracting power and the distance (object-image distance) L from the first object R (reticle eta) to the second objectW

(wafer etc.). This condition (4) is for suppressing generation of higher-order spherical aberrations and negative distortion

while keeping a large numerical aperture. Below the lower limit of this condition (4) the sixth lens groupG6 itself produces
a large negative distortion; above the upper limit of this condition (4) higher-order spherical aberrations appear.

3
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The condition (5) defines an optimum ratio between the overall focal length fn of the second lens with negative

refracting power to the fourth lens with negative refracting power in the intermediate lens group in the second
lens group G2 and the focal length f2 of the second lens group G2- It should be noted that the overall focal length fn ,

stated herein, of the second lens with negative refracting power to the fourth lens with negative refracting power
in the intermediate lens group G2M in the second lens group G2 means not only an overall focal length of three lenses,

i.e. the second lens to the fourth lens L^, but also an overall focal length of three or more lenses between the

second lens and the fourth lens Lm4 where there are a plurality of lenses between the second lens and thefourth lens.

This condition (5) is for keeping the Petzval sum small while suppressing generation of distortion. Below the lower
limit of this condition (5), a great negative distortion appears because the overall refracting power becomes too strong,

of the negative sublens group including at least three negative lenses of from the second negative lens to the fourth

negative lens L^w in the intermediate lens group G2M in the second lens group G2 . In order to sufficiently correct the
distortion and coma, the lower limit of the above condition (5) is preferably set to 0.1 . i.e.. 0.1 < yf2.

Above the upper limit of this condition (5) a great positive Petzval sum results because the refracting power of the

negative sublens group including at least three negative lenses of from the second negative lens L^2 to the fourth

negative lens 1^4 in the intermediate lens group in the second lens group G2 becomes too weak. In addition, the

refracting power of the third lens group G3 also becomes weak. Thus, it becomes difficult to construct the projection

optical system in a compact arrangement. In order to achieve a sufficiently compact design while well correcting the
Petzval sum, the upper limit of the above condition (5) is preferably set to 1.3, i.e., yf2 < 1.3.

Further, the following condition (6) is preferably satisfied when the axial distance from the first object R to the first-

object-side focal point F of the entire projection optical system is I and the distance from the first object R to the second
object W is L.

1.0 < l/L (6)

The condition (6) defines an optimum ratio between the axial distance I from the first object R to the first-object-

side focal point F of the entire projection optical system and the distance (object-image distance) L from the first object

R (reticle etc.) to the second objectW (wafer etc.). Here, the first-object-side focal point F of the entire projection optical

system means an intersecting point of outgoing light from the projection optical system with the optical axis after colli-

mated light beams are let to enter the projection optical system on the second object side in the paraxial region with

respect to the optical axis of the projection optical system and when the light beams in the paraxial region are outgoing
from the projection optical system.

Belowthe lower limit of this condition (6) the first-object-side telecerrtricityoftheprojectionqjtical system will become
considerably destroyed, so that changes of magnification and distortion due to an axial deviation of the first object R will

become large. As a result, it becomes difficult to faithfully project an image of the first object R at a desired magnification

onto the second object W. In order to fully suppress the changes of magnification and distortion due to the axial deviation

of the first object R, the lower limit of the above condition (6) is preferably set to 1 .7, i.e., 1 .7 < l/L Further, in order to

correct a spherical aberration and a distortion of the pupil both in a good balance while maintaining the compact design
of the projection optical system, the upper limit of the above condition (6) is preferably set to 6.8, i.e., l/L < 6.8.

Also, it is more preferable that the following condition (7) be satisfied when the focal length of the third lens with

negative refracting power in the intermediate lens group Gfew in the second lens group G2 is f23 and the focal length of

the fourth lens Lm4 with negative refracting power in the intermediate lens groupG2m in the second lens group G2 is f24.

0.07<f 24/f 23 <7. (7)

Below the lower limit of the condition (7) the refracting power of the fourth negative lens becomes strong relative

to the refracting power of the third negative lens 1^3, so that the fourth negative lens generates a large coma and
a large negative distortion. In order to correct the coma better while correcting the negative distortion, the lower limit of

the above condition (7) is preferably set to 0. 1 4, 1. e. , 0. 1 4 < f24/f23. Above the upper limit of this condition (7) the refracting

power of the third negative lens becomes relatively strong relative to the refracting power of the fourth negative lens

I-M4. $° that the third negative lens generates a large coma and a large negative distortion. In order to correct the

negative distortion better while correcting the coma, the upper limit of the above condition (7) is preferably set to 3.5,

i.e., f24/f23<3.5.

Further, it is more preferable that the following condition (8) be satisfied when the focal length of the second lens

with negative refracting power in the intermediate lens groupG^ in the second lens group G2 is fa and the focal

length of the third lens Lm3 with negative refracting power in the intermediate lens group G2M in the second lens group
G2 is fzj.

0.1 <foo/f5« < 10
(8)



EP 0 717 299 A1

Below the lower limit of the condition (8) the refracting power of the second negative lens becomes strong

relative to the refracting power of the third negative lens I-M3. so that the second negative lens Lm2 generates a large

coma and a large negative distortion. In order to correct the negative distortion in a better balance, the lower limit of the

above condition (8) is preferably set to 0.2. i.e. 0.2 < f^so- Above the upper limit of this condition (8) the refracting

5 power of the third negative lens becomes strong relative to the refracting power of the second negative lens L^,

so thatthe third negative lens generates a large coma and a large negative distortion. In order to correct the negative

distortion in a better balance while well correcting the coma, the upper limit of the above condition (8) is preferably set

to 5, i.e., f22^23 < 5.

Also, it is more desirable that the following condition (9) be satisfied when the axial distance from the second-object-

io side lens surface of the fourth lens Lm4 with negative refracting power in the intermediate lens group G2M in the second

lens group G2 to the first-object-side lens surface of the rear lens L2r in the second lens group G2 is D and the distance

from the first object R to the second objectW is L:

0.05 < D/L < 0.4. (9)

15

Below the lower limit of the condition (9) it becomes difficult not only to secure a sufficient back focus on the second

object side but also to correct the Petzval sum well. Above the upper limit of the condition (9) a large coma and a large

negative distortion appear. Further, for example, in order to avoid mechanical interference between a reticle stage for

holding the reticle as the first object R and the first lens group , there are cases that it is preferable to secure a sufficient

20 space between the first object R and the first lens group G1, but there is a problem that to secure the sufficient space

will become difficult above the upper limit of the condition (9).

Also, the fourth lens group G4 preferably satisfies the following condition when the focal length of the fourth lens

group G4 is U and the distance from the first object R to the second objectW is L

25 -0.098 < f 4/L
< -0.005 (10)

Below the lower limit of the condition (10) the correction of spherical aberration becomes difficult, which is not

preferable. Also, above the upper limit of the condition (10), the coma appears, which is not preferable. In order to well

correct the spherical aberration and Petzval sum, the lower limit of the condition (10) is preferably set to -0.078, i.e., -

30 0.078 < f4/L, and further, in order to suppress generation of coma, the upper limit of the condition (10) is preferably set

to -0.047, i.e., 1*11 < -0.047.

Further, the second lens group G2 preferably satisfies the following condition when the focal length of the second

lens group G2 is f2 and the distance from the first object R to the second objectW is L

35 -0.8 <f 2/L< -0.050 (11)

Here, below the lower limit of the condition (11), a positive Petzval sum results, which is not preferable. Also,

above the upper limit of the condition (1 1 ), a negative distortion appears, which is not preferable. In order to better correct

the Petzval sum, the lower limit of the condition (1 1) is preferably set to -0.16, i.e., -0.16 < t^fL, and in order to better

40 correct the negative distortion and coma, the upper limit of the condition (1 1) is preferably set to -0.0710, i.e., f2/L < -

0.0710.

In order to well correct mainly the third-order spherical aberration, it is more desirable that the fifth lens groip G5

with positive refracting power have the negative meniscus lens L54, and the positive lens L53 placed adjacent to the

concave surface of the negative meniscus lens L54 and having a convex surface opposed to the concave surface of the

45 negative meniscus lens U4 and that the following condition (1 2) be satisfied when the radius of curvature of the concave

surface in the negative meniscus lens L54 in the fifth lens group G5 is r5n and the radius of curvature of the convex surface

opposed to the concave surface of the negative meniscus lens L54 in the positive lens L53 set adjacent to the concave

surface of the negative meniscus lens L54 in the fifth lens group G5 is r^.

50 0<(r
5p

-r 5n)/(r 5p + r 5n)<1 (12)

Below the lower limit of the condition (12), correction of the third-order spherical aberration becomes insufficient;

conversely, above the upper limit of the condition (12), the correction of the third-order spherical aberration becomes

excessive, which is not preferable. Here, in order to correct the third-order spherical aberration better, the lower limit of

55 the condition (12) is more preferably set to 0.01 , i.e., 0.01 < (r^ - r5n)/(r5p + r5n) and the upper limit of the condition (12)

is more preferably set to 0.7, i.e.. Osp * r5n)/(r5p + r^J < 0.7.

Here, it is preferred that the negative meniscus lens and the positive lens adjacent to the concave surface of the

negative meniscus lens be set between the at least one positive lens in the fifth lens group G5 and the at least one

positive lens in the fifth lens group G5. For example, a set of the megative meniscus lens L54 and the positive lens L53

5
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is placed between the positive lensesU2 and L55. This arrangement can suppress generation of the higher-order spher-

ical aberrations which tend to appear with an increase in NA.

Also, it is more desirable that the fourth lens groupG4 with negative refracting power have the front lens L41 placed

as closest to the first object R and having the negative refracting power with a concave surface to the second object W,
the rear lens L44 placed as closest to the second object W and having the negative refracting power with a concave
surface to the first object R. and at least one negative lens placed between the front lens L^in the fourth lens group G4
and the rear lens U1 in the fourth lens group G4 and that the following condition (13) be satisfied when a radius of

curvature on the first object side in the rear lens Lw placed as closest to the second object W in the fourth lens group
G4 is r4F and a radius of curvature on the second object side in the rear lens L44 placed as closest to the second object

W in the fourth lens group G* is r4R .

-1.00 * (r 4F - r4R)/(r 4F + r4R) < 0 (13)

Below the lower limit of the condition (13), the rear negative lens Lw located closest to the second object W in

the fourth lens group G4 becomes of a double-concave shape which generates higher-order spherical aberrations; con-

versely, above the upper limit of the condition (13), the rear negative lens U4 located closest to the second objectW in

the fourth lens group G4 will have positive refracting power, which will make the correction of Petzval sum more difficult.

Further, it is desirable that the fifth lens group G5 have the negative lens Lss with a concave surface to the second
objectW( on the most second object side thereof. This enables the negative lens Us located closest to the second object

W in the fifth lens group G5 to generate a positive distortion and a negative Petzval sum, which can cancel a negative

distortion and a positive Petzval sum generated by the positive lenses in the fifth lens group G5.

In this case, in order to suppress the negative distortion without generating the higher-order spherical aberrations

in the lens Lei located closest to the first object R in the sixth lens group G6l it is desirable that the lens surface closest

to the first object R have a shape with a convex surface to the first object R and that the following condition be satisfied

when a radius of curvature on the second object side, of the negative lens L58 placed as closest to the second object

W in the fifth lens group G5 is r5R and a radius of curvature on the first object side, of the lens Lei placed as closest to

the first object R in the sixth lens group Ge is r6F

-0.90 < (r 5R - r 6F)/(r 5R + r 6F) < -0.001 (14)

This condition (14) defines an optimum shape of a gas lens formed between the fifth lens group G5 and the sixth

lens group Ge. Below the lower limit of this condition (14) a curvature of the second-object-side concave surface of the

negative lens Us located closest to the second objectW in the fifth lensgroupG5 becomes too strong, thereby generating

higher-order comas. Above the upper limit of this condition (14) refracting power of the gas lens itself formed between
the fifth lens group G$ and the sixth lens group Go becomes weak, so that a quantity of the positive distortion generated

by this gas lens becomes small, which makes it difficult to well correct a negative distortion generated by the positive

lenses in the fifth lens group G5. In order to fully suppress the generation of higher-order comas, the lower limit of the

above condition (14) is preferably set to -0.30, i.e., -0.30 < (r5R - r6F)/(r5R + r6F).

Also, it is further preferable that the following condition be satisfied when a lens group separation between the fifth

lens group G5 and the sixth lens group Ge is cfee and the distance from the first object R to the second object W is L

d 56/L < 0.017 (1 5)

Above the upper limit of this condition (15), the lens group separation between the fifth lens group G5 and the

sixth lens group Ge becomes too large, so that a quantity of the positive distortion generated becomes small. As a result,

it becomes difficult to correct the negative distortion generated by the positive lens in the fifth lens group G5 in a good
balance.

Also, it is more preferable that the following condition be satisfied when a radius of curvature of the lens surface

closest to the first object R in the sixth lens group Ge is r6F and an axial distance from the lens surface closest to the

first object R in the sixth lens group Ge to the second object W is d6.

0.50 <d 6/r 6F < 1.50 (16)

Below the lower limit of this condition (16), the positive refracting power of the lens surface closest to the first

object R in the sixth lens groupGebecomes too strong, so that a large negative distortion and a large coma are generated.

Above the upper limit of this condition (16), the positive refracting power of the lens surface closest to the first object R
in the sixth lens group Gei becomes too weak, thus generating a large coma. In order to further suppress the generation

of coma, the lower limit of the condition (16) is preferably set to 0.84, i.e., 0.84 < de/r6F

6
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It is desirable that the following condition (1 7) be satisfied when the radius of curvature on the first object side in the
negative lens Us located closest to the second objectW in the fifth lens group G5 is r5F and the radius of curvature on
the second object side in the negative lens Us located closest to the second objectW in the fifth lens group G5 is r5R .

0.30 < (r 5F - r5R)/(r 5F + r 5R) < 1.28
(17)

Below the lower limit of this condition (17), it becomes difficult to correct both the Petzval sum and the coma;
above the upper limit of this condition (17), large higher-order comas appear, which is not preferable. In order to further

prevent the generation of higher-order comas, the upper limit of the condition (17) is preferably set to 0.93, i.e., (r5F
-

'srWsf + '5r) < 0.93.

Further, it is desirable that the second-object-side lens surface of the first lens Un with positive refracting power in

the intermediate lens group G2M in the second lens group G2 be of a lens shape with a convex surface to the second
object W, and in this case, it is more preferable that the following condition (18) be satisfied when the refracting power
on the second-object-side lens surface of the first positive lens in the intermediate lens group in the second
lens group G2 is <J>21 and the distance from the first object R to the second objectW is L

0.54 < 1/(<D
21

• L) < 10
(18)

The refracting power of the second-object-side lens surface, stated herein, of the first lens with positive

refracting power in the intermediate lens groupG^ is given by the following formula when a refractive index of a medium
for the first lens U,., is n 1( a refracting index of a medium in contact with the second-object-side lens surface of the first

lens L^n is n2, and a radius of curvature of the second-object-side lens surface of the first lens is r21 .

4>
21 =(n

2 -n J/r 2 ,

Below the lower limit of the condition (18), higher-order distortions appear; conversely, above the upper limit of

the condition (18), it becomes necessary to correct the distortion more excessively by the first lens group Q 1( which
generates the spherical aberration of the pupil, thus being not preferable.

Further, it is more preferable that the following condition (19) be satisfied when the focal length of the first lens LM1
with positive refracting power in the intermediate lens group G2M in the second lens group G2 is f2i and the distance
from the first object R to the second object W is L

0.230 <f
21
/L< 0.40 (19)

Below the lower limit of the condition (19), a positive distortion appears; above the upper limit of the condition

(1 9), a negative distortion appears, thus not preferable.

Also, the front lens L2F and rear lens L2R in the second lens group G2 preferably satisfy the following condition when
the focal length of the front lens L-2F placed as closest to the first object R in the second lens group G2 and having the
negative refracting power with a concave surface to the second objectW is f2F and the focal length of the rear lens L^r
placed as closest to the second objectW in the second lens group G2 and having the negative refracting power with a
concave surface to the first object R is f2 R.

0*f 2F/f 2R <18 (20)

The condition (20) defines an optimum ratio between the focal length f2R of the rear lens in the second lens

group G2 and the focal length f2F of the front lens in the second lens group G2. Below the lower limit and above the
upper limit of this condition (20), a balance is destroyed for refracting power of the first lens group Gi or the third lens
group G3, which makes it difficult to correct the distortion well or to correct the Petzval sum and the astigmatism simul-

taneously well.

TTie following specific arrangements are desirable to provide the above respective lens groups with sufficient aber-
ration control functions.

First, in order to provide the first lens group G1 with a function to suppress generation of higher-order distortions

and spherical aberration of the pupil, the first lens group Gi preferably has at least two positive lenses; in order to provide
the third lens group O3 with a function to suppress degradation of the spherical aberration and the Petzval sum, the third

lens group G3 preferably has at least three positive lenses; further, in order to provide the fourth lens group G4 with a
function to suppress the generation of coma while correcting the Petzval sum, the fourth lens group G4 preferably has
at least three negative lenses. Further, in order to provide the fifth lens group G5 with a function to suppress generation
of the negative distortion and the spherical aberration, the fifth lens groupG5 preferably has at least five positive lenses;
further, in order to provide the fifth lens group G5 with a function to correct the negative distortion and the Petzval sum,
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the fifth lens group G5 preferably has at least one negative lens. Also, in order to provide the sixth lens group Gg with a
function to converge light on the second objectW without generating a large spherical aberration, the sixth lens group

Ge preferably has at least one positive lens.

In addition, in order to conect the Petzval sum better, the intermediate lens group G^m in the second lens group G2
preferably has negative refracting power.

In order to provide the sixth lens group Ge with a function to further suppress the generation ofthe negative distortion,

the sixth lens group Gs is preferably constructed ofthree or less lenses having at leastone surface satisfying the following

condition (21).

1/1<DI_|<20 (21)

where <I>: refracting power of the lens surface;

L: object-image distance from the first object R to the second object W.
The refracting power of the lens surface stated herein is given by the following formula when the radius of curvature

of the lens surface is r, a refracting index of a medium on the first object side, of the lens surface is n 1t and a medium
on the second object side, of the lens surface is n2.

<E> = (n 2 -n
n
)/r

Here, if there are four or more lenses having the lens surface satisfying this condition (21), the number of lens

surfaces with some curvature, located near the second object W, becomes increased, which generates the distortion,

thus not preferable.

The present invention will become more fully understood from the detailed description given hereinbelow and the
accompanying drawings which are given by way of illustration only, and thus are not to be considered as limiting the
present invention.

Further scope of applicability of the present invention will become apparent from the detailed description given
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating pre-

ferred embodiments of the invention, are given by way of illustration only, since various changes and modifications within

the spirit and scope of the invention will become apparent to those skilled in the art form this detailed description.

BRIEF DESCRIPRION OF THE DRAWINGS

Fig. 1 is adrwing to show parameters defined in embodiments of the present invention.

Fig. 2 is a drawing to show schematic structure of an exposure apparatus according to the present invention.

Fig. 3 is a lens makeup diagram in the first embodiment according to the present invention.

Fig. 4 is a lens makeup diagram in the second embodiment according to the present invention.

Fig. 5 is a lens makeup diagram in the third embodiment according to the present invention.

Fig. 6 is a lens makeup diagram in the fourth embodiment according to the present invention.

Fig. 7 is a lens makeup diagram in the fifth embodiment according to the present invention.

Fig. 8 is a lens makeup diagram in the sixth embodiment according to the present invention.

Fig. 9 is various aberration diagrams in the first embodiment according to the present invention.

Fig. 10 is various aberration diagrams in the second embodiment according to the present invention.

Fig. 1 1 is various aberration diagrams in the third embodiment according to the present invention.

Fig. 12 is various aberration diagrams in the fourth embodiment according to the present invention.

Fig. 13 is various aberration diagrams in the fifth embodiment according to the present invention.

Fig. 14 is various aberration diagrams in the sixth embodiment according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The embodiments according to the present invention will be described in detail in the following. An exposure appa-
ratus of the invention comprises a projection optical system as showing in Fig. 2.

First, briefly describing Fig. 2, a reticle R (first object) is placed as a mask on which a predetermined circuit pattern

101 is formed, on the object plane of a projection optical system PL and a waferW (second object) as a photosensitive

substrate on the image plane of the projection optical system PL, as shown. The reticle R is held on a reticle stage RS
while the waferW on a wafer stage WS. The photosensitive substrate comprises the waferW and a photosensitive layer

100 made of a material as a photoresistor. Further, an illumination optical system IS, which has a light source 102 for

emitting exposure light of a predetermined wavelength, for uniformly illuminating the reticle R is set above the reticle R.

In the above arrangement, light supplied from the illumination optical system IS illuminates the reticle R to form an
image of a light source in the illumination optical apparatus IS at the pupil position (or a position of aperture stop AS) of

8
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the projection optical system PL, thus achieving the so-called KOhler illumination. Then, through the projection optical

system PU a pattern image of the thus KOhJer-illuminated reticle R is projected (or transferred) onto the waferW through

the photosensitive layer 100 by the projection optical system PL The techniques relating to an exposure apparatus of

the present invention are described for example in U.S.Patents No. 5,194,893. No. 5.097,291 and No. 5,245,384 and
U.SPatent Applications No. 299,305, Na 255,927 and No. 226.327.

The present embodiment shows an example of projection optical system where the light source 102 inside the

illumination optical system IS is an excimer laser supplying light with exposure wavelength X of 248.4 run, and Fig. 3 to

Fig. 8 are lens makeup diagrams of projection optical systems in the first to sixth embodiments according to the present

invention.

As shown in Fig. 3 to Fig. 8, a projection optical system in each embodiment has a first lens group G^ with positive

refracting power, a second lens group G2 with negative refracting power, a third lens group G3 with positive refracting

power, a fourth lens group GU with negative refracting power, a fifth lens group G5 with positive refracting power, and a
sixth lens group Ge with positive refracting power in the named order from the side of reticle R as the first object, which
is approximately teiecentric on the object side (or on the reticle R side) and on the image side (or on the waferW side)

and which has a reduction magnification.

The projection optical systems of the respective embodiments shown in Fig. 3 to Fig. 8 are arranged so that the

object-image distance (a distance from the object plane to the image plane or a distance from the reticle R to the wafer

W) L is 1200, the image-side numerical aperture NA is 0.55. the projection magnification B is 5:1 , and the diameter of

the exposure area on the waferW is 31 .2. In the explanation of embodiments of the present invention, the image plane

means a main surface of the wafer W, and the object plane means a surface of the reticle R.

Specifically describing the lens makeup of the first embodiment as shown in Fig. 3, first, the first lens group G^ has

a positive lens Ln with a convex surface to the image (positive meniscus lens), a negative lens L12 of a meniscus shape
with a convex surface to the object, and two positive lenses (L13,

L14) of a double-convex shape in the named order from

the object side.

Next, the second lens group G2 is composed of a negative meniscus lens (front lens) L2F placed as closest to the

object with a concave surface to the image, a negative meniscus lens (rear lens) L^r placed closest to the image with

a concave surface to the object, and an intermediate lens group G2M placed between the negative meniscus lens LgF
located closest to the object in the second lens group G2 and the negative meniscus lens L2R located closest to the

image in the second lens group G& and having negative refracting power.

The intermediate lens groupG2M is composed of a positive lens (first lens) LM1 of a double-convex shape, a negative

lens (second lens) I_m2 with a surface of a greater curvature to the image, a negative lens (third lens) 1^3 of a double-

concave shape, a negative lens (fourth lens) 1^4 with a surface of a greater curvature to the object, and a positive lens

(fifth lens) with a surface of a greater curvature to the image in the named order from the object side.

Further, the third lens group G3 is composed of a positive lens (positive meniscus lens) with a surface of a
greater curvature to the image, a positive lens l-32 of a double-convex shape, a positive lens (a positive lens of a double-

convex shape) L33 with a convex surface to the object, and a positive lens L34 with a surface of a greater curvature to

the object, and the fourth lens group G4 is composed of a negative lens (negative meniscus lens) L41 with a concave

surface to the image, a negative meniscus lens U2 with a concave surface to the image, a negative lens L43 of a double

concave surface, and a negative meniscus lens L44 with a concave surface to the object.

Here, an aperture stop AS is set in an optical path between the image-side concave surface of the negative lens

L41 in the fourth lens group GU and the object-side concave surface of the negative meniscus lens L44.

The fifth lens group G5 is composed of a positive meniscus lens L51 with a convex surface to the image, a positive

lens with a surface of a greater curvature to the image (a positive lens of a double-convex shape) Ls2, a positive lens

L53 of a double-convex shape, a negative meniscus lens L54 with a concave surface to the object, a positive lens L55

with a surface of a greater curvature to the object, a positive meniscus lens U6 with a convex surface to the object, a
positive lens with a surface of a greater curvature to the object (positive meniscus lens) L$7 , and a negative lens with a
concave surface to the image (negative meniscus lens) L58, and the sixth lens group Ge is composed only of a thick-

wall positive lens Lei with a convex surface to the object.

Here, because the first lens group Gt in the first embodiment is so arranged that the image-side lens surface of the

negative lens L12 of the meniscus shape with its convex surface to the object and the object-side lens surface of the

positive lens L13 of double-convex shape have nearly equal curvatures and are arranged as relatively close to each

other, these two lens surfaces correct the higher-order distortions.

In the present embodiment, because the front lens L2F with negative refracting power, placed closest to the object

in the second lens group G2, is of the meniscus shape with a concave surface to the image, the generation of coma can

be reduced; because the first lens L^i with positive refracting power in the second lens group G2^ is of the double-

convex shape with a convex surface to the image and another convex surface to the object, the generation of spherical

aberration of the pupil can be suppressed. Further, because the fifth lens with positive refracting power in the inter-

mediate lens group G2m has the convex surface opposed to the concave surface of the rear lens L2r with negative

refracting power placed on the image side thereof, the astigmatism can be corrected.
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Since the fourth lens group GU is so arranged that the negative tens Ui with its concave surface to the image is

placed on the object side ofthe negative lens (negative lens ofdouWe-concave shape) U3 and thatthe negative meniscus

lens L44 with its concave surface to the object is placed on the image side of the negative lens (negative lens of double-

concave shape) L43, the Petzval sum can be corrected while suppressing the generation of coma

The present embodiment is so arranged that the aperture stopAS is placed between the image-side concave surface

of the negative lens L41 and the object-side concave surface of the negative meniscus lens L44 in the fourth lens group

G* whereby the lens groups of from the third lens group G3 to the sixth lens group Ge can be arranged on either side

of the aperture stop AS with some reduction magnification and without destroying the symmetry so much, which can

suppress generation of asymmetric aberrations, specifically generation of coma or distortion.

Since the positive lens L53 in the fifth lens group G5 is of the double-convex shape where its convex surface is

opposed to the negative meniscus lens L54 and the other lens surface opposite to the negative meniscus lens L54 is

also a convex surface, the generation of higher-order spherical aberrations with an increase in NA can be suppressed.

The specific lens makeup of the projection optical system in the second embodiment as shown in Fig. 4 is similar

to that of the first embodiment shown in Fig. 3 and described above but different in that the fourth lens group G4 is

composed of a negative lens with a concave surface to the image (negative lens of a plano-concave shape) L*i, a

negative meniscus lens U2 with a concave surface to the image, a negative lens L43 of a double-concave shape, and

a negative meniscus lens L44 with a concave surface to the object and in that the sixth lens group G6 is composed of a

positive lens with a convex surface to the object (positive meniscus lens) Lei, and a positive lens with a convex surface

to the object (positive meniscus lens) l»e2.

Also in the second embodiment, the image-side lens surface of the negative meniscus lens L12 with its convex

surface to the object and the object-side lens surface of the positive lens L13 of double-convex shape correct the higher-

order distortions, similarly as in the above first embodiment. Further, the sixth lens group Ge is preferably composed of

a less number of constituent lenses in order to suppress a distortion generated by the sixth lens group Ge, but if it is

difficult to produce a thick lens the sixth lens group Ge may be composed of two lenses as in the present embodiment.

As for the other lens groups (the second lens group G1 to the fifth lens group G5) in the second embodiment, the same
functions as in the first embodiment are achieved thereby.

The specific lens makeup of the projection optical system of the third embodiment as shown in Fig. 5 is similar to

that of the first embodiment shown in Fig. 3 and described previously, but different in that the first lens group G A is

composed of a positive lens with a convex surface to the image (positive lens of double-convex shape) L11( a positive

lens with a convex surface to the image (positive lens of double-convex shape) L12 . a negative meniscus lens L13 with

a concave surface to the object, and a positive lens Lu of double-convex shape in the named order from the object side

and in that the third lens group G3 is composed of a positive lens with a surface of a greater curvature to the image

(positive meniscus lens) L31, a positive lens L32 of double-convex shape, a positive lens with a surface of a greater

curvature to the object (positive lens of double-convex shape) L33, and a positive lens with a convex surface to the object

(positive meniscus lens) L34.

In the third embodiment, the image-side lens surface of the positive lens L12 with its convex surface to the image

and the object-side lens surface of the negative meniscus lens L13 with its concave surface to the object correct the

higher-order distortions. As for the other lens groups (the second lens group G2, and the fourth lens group G4 to the

sixth lens group Ge) in the third embodiment, the same functions as in the first embodiment are achieved thereby.

The specific lens makeup of the projection optical system of the fourth embodiment as shown in Fig. 6 is similar to

that of the third embodiment shown in Fig. 5 and described above, but different in that the third lens groupG3 is composed

of a positive lens with a surface of a greater curvature to the image side (positive meniscus lens) L31, a positive lens L32

of double-convex shape, a positive lens with a convex surface to the object (positive lens of double-convex shape) 133,

and a positive lens with a surface of a greater curvature to the object (positive lens of double-convex shape) L34 and in

that the fourth lens group G4 is composed of a negative lens with a concave surface to the image (negative lens of

double-concave shape) L41, a negative meniscus lens U2 with a concave surface to the image, a negative lens L43 of

double-concave shape, and a negative meniscus lens L44 with a concave surface to the object. The present embodiment

is also different in that the sixth lens groupG6 is composed of a positive lens with a convex surface to the object (positive

meniscus lens) Lqi and a positive lens with a convex surface to the object (positive meniscus lens) Le2.

The first lens groupG 1 in the fourth embodiment achieves the same functions as in the third embodiment described

previously, the second lens group G2 to the fifth lens group G5 do the same functions as in the first embodiment, and

the sixth lens group Ge does the same functions as in the second embodiment.

The specific lens makeup of the projection optical system of the fifth embodiment shown in Fig. 7 is similar to that

of the first embodiment shown in Fig. 3 and described previously, but different in that the first lens group G1 is composed

of a positive lens with a convex surface to the image (positive lens of double-convex shape) Ln, a negative lens with a

concave surface to the image (negative lens of double-concave shape) L12 and two positive lenses (L13 ,
L14) of double-

convex shape in the named order from the object side. It is also different in that the third lens group G3 is composed of

a positive lens with a surface of a greater curvature to the image (positive meniscus lens) L31, a positive lens l_32 of

double-convex shape, a positive lens with a convex surface to the object (positive meniscus lens) L^, and a positive

10
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lens with a surface of a greater curvature to the object (positive lens of double-convex shape) L34. It is also different from

the lens makeup of the first embodiment in that the fourth lens group G4 is composed of a negative lens with a concave

surface to the image (negative lens of double-concave shape) Ui, a negative meniscus lens U2 with a concave surface

to the image, a negative lens L43 of double-concave shape, and a negative meniscus lens L44 with a concave surface

to the object It is further different in that the fifth lens groupG5 is composed of a positive meniscus lens L51 with a convex

surface to the image, a positive lens with a surface of a greater curvature to the image (positive meniscus lens) L52. a

positive lens L53 of double-convex shape, a negative meniscus lens L54 with a concave surface to the object, a positive

lens with a surface of a greater curvature to the object (positive meniscus lens) 1^55. a positive meniscus lens Lse with a

convex surface to the object, a positive lens with a surface of a greater curvature to the object (positive meniscus lens)

L57, and a negative lens with a concave surface to the image (negative meniscus lens) Lse-

In the fifth embodiment the higher-order distortions are corrected by a pair of the image-side convex surface of the

positive lens Ln and the object-side concave surface of the negative lens L|2 and a pair of the image-side concave

surface of the negative lens Li2 and the object-side convex surface of the positive lens L^. As for the other lens groups

(the second to the fifth lens groups G2 to G5) in the fifth embodiment, the same functions as in the first embodiment are

achieved thereby.

The sixth embodiment shown in Fig. 8 has the same lens makeup as that of the fifth embodiment as described

above, and achieves the substantially same functions as in the fifth embodiment.

Now, Table 1 to Table 12 listed below indicate values of specifications and numerical values corresponding to the

conditions in the respective embodiments according to the present invention.

In the tables, left end numerals represent lens surfaces located in the named order from the object side (reticle side),

r curvature radii of lens surfaces, d lens surface separations, n refractive indices of synthetic quartz Si02 for the exposure

wavelength X of 248.4 nm, dO a distance from the first object (reticle) to the lens surface (first lens surface) closest to

the object (reticle) in the first lens group G1 , Bf a distance from the lens surface closest to the image (wafer) in the sixth

lens group G6 to the image plane (wafer surface), B a projection magnification of the projection optical system, NA the

image-side numerical aperture of the projection optical system, L the object-image distance from the object plane (reticle

surface) to the image plane (wafer surface), I the axial distance from the first object (reticle) to the first-object-side focal

point of the entire projection optical system (where the first-object-side focal point of the entire projection optical system

means an intersecting point of exit light with the optical axis after collimated light beams in the paraxial region with

respect to the optical axis of the projection optical system are let to enter the projection optical system on the second

object side and when the light beams in the paraxial region are outgoing from the projection optical system), f1 the focal

length of the first lens group Gl f2 the focal length of the second lens groupG2, f3 the focal length of the third lens group

G3 ,
f4 the focal length of the fourth lens group G4 ,

f5 the focal length of the fifth lens group G5 ,
f6 the focal length of the

sixth lens group Ga, fn the overall focal length of from the second lens to the fourth lens, f2F the focal length of the front

lens placed closest to the first object in the second lens group and having negative refracting power with its concave

surface to the second object. f2R the focal length of the rear lens placed closest to the second object in the second lens

group and having negative refracting power with its concave surface to the first object, f2i the focal length of the first

lens with positive refracting power in the intermediate lens group in the second lens group, f22 the focal length of the

second lens with negative refracting power in the second lens group, f^ the focal length of the third lens with negative

refracting power in the second lens group, f24 the focal length of the fourth lens with negative refracting power in the

second lens group, 0>21 the refracting power of the second-object-side lens surface ofthe first lens with positive refracting

power in the intermediate lens group G2i in the second lens group, D the axial distance from the second-oyect-side

lens surface of the fourth lens in the intermediate lens group in the second lens group to the first-object-side lens surface

of the rear lens in the second lens group, r5n the curvature radius of the concave surface in the negative meniscus lens

in the fifth lens group, rsp the curvature radius of the convex surface opposed to the concave surface of the negative

meniscus lens, in the positive lens placed adjacent to the concave surface of the negative meniscus lens in the fifth lens

group, r4F the first-object-side curvature radius in the rear lens placed closest to the second object in the fourth lens

group, r4R the second-object-side curvature radius in the rear lens placed closest to the second object in the fourth lens

group, r5F the first-object-side curvature radius in the second lens placed closest to the second object in the fifth lens

group, r5R the second-object-side curvature radius of the negative lens placed closest to the second object in the fifth

lens group, r6F the first-object-side curvature radius of the lens placed closest to the first object in the sixth lens group,

d§e the lens group separation between the fifth lens group and the sixth lens group, de the axial distance from the lens

surface closest to the first object in the sixth lens group to the second object, and 4> the refracting power of the lens

surface of the lens or lenses forming the sixth lens group.
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(Table 1) First Embodiment

5 do = 105.33208

I/O

10

NA

n I

= 0.55

— 28.62263

15

L = 1200

r d n

20
1

2

-821.91920

-391.93385

23.00000

20.81278

1 .50839

25
3

4

334.30413

239.01947

20.00000

7.92536

1 .50839

5 267.66514 28.00000 1 .50839

30
6 -618.41676 1.04750

7 337.90351 23.00000 1 .50839

35
8 -1279.67000 0.97572

9 200.03116 24.00000 l .50839

10 105.22457 22.04713

40 11

12

219.65515

-546.12474

26.00000

1.10686

l .50839

45
13

14

4788.40002

125.70412

17.00000

20.76700

l .50839

15 -381.52610 12.90000 l .50839

50 16 134.36400 26.88549

17 -127.38724 15.00000 1 .50839
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18 433 .13808 52 .33906

19 1260 .83000 35 .00000 1

,

.50839

20 -178 .61526 14 .91509

21 -129 .71674 22 .80000 1

.

. 50839

22 -202 .88016 2 .79782

23 -4128 .12000 27 .00000 1.. 50839

24 -299 .28737 2 .87255

25 556 .52963 28 .00000 1. 50839

26 -928 .16848 2 .49780

27 367 .82207 30 .00000 1. 50839

28 -4438 .51001 1 .64701

29 220 .29374 31 .00000 1

.

50839

30 -1698 .69000 3 . 60527

31 4987 .07001 21 .00000 1

.

50839

32 146 .02635 11 .76890

33 216 .75649 17 .00000 1

.

50839

34 161 .01290 31 .54706

35 -206 .90673 15 .90000 1. 50839

36 309 .12541 56 .09046

37 -183,.11187 18.00000 50839

38 -894,.17440 6 .28784

39 -409,.02115 23,.00000 1. 50839

40 -215

,

.49999 1,.14438

41 3139..57999 23,,00000 1. 50839

42 -320.,84882 2.,92283

43 445.,47649 38.,00000 1. 50839
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53 520. 77561 23*00000 1. 50839

54 80. 26937 7.04896

55 90. 74309 71.00000 1. 50839

56 1836. 49001

30

35

40

45

50
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(Table 2) Values corresponding to the Conditions in the

First Embodiment

(1) fl /f3 = 1.47

(2) f 2 /f4 = 1.31

(3) f5 /L= 0.0988

(4) f 6 /L= 0.154

(5) fn /f 2 = 0.589

(6) I/L= 2.33

(7) f24/f23= 0.990

(8) f22/f23= 1.31

(9) D/L= 0.0852

(10) 14 /L= -0.0638

(11) f 2 /L= -0.0834

(12) (r5p-r5n) / (r5p+r5n) = 0.207

(13) ( r 4F r 4R) / (r4F+r4R) = -0.660

(14) (r5R-r 6F) / (T5R+r6F) = -0.0613

(15) d56/L= 0.00587

(16) d6 /r 6F= l.io

(17) (r5F-T5R) / (r5F+r5R) = 0.733

(18) 1/ (021 - L) = 0.895

( 1 9) f 21/L= 0.260

(2 0) f 2F/f 2R= 0.604
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(Table 3) Second Embodiment

5 do

B =

= 103.54346

1/5

10

N A

B f

L =

= 0.55

= 29 06029

1200

15

r d n

20 1

2

-2191.45999

-443.19378

23.00000

18.81278

l

.

50839

25
3

4

372.47246

259.89086

20.00000

7.92536

1. 50839

5 296.05557 26.00000 1. 50839

30 6 -527.24081 1.04750

7 478.04893 27.00000 1. 50839

35
8

9

10

-948.34609

210.20717

107.85292

0.97572

24.00000

24.04713

1. 50839

40 11

12

214.18600

-438.52759

26.00000

1.10686

1. 50839

45

13

14

-1434.49001

132.17373

17.00000

18.76700

1. 50839

15 -370.22109 12.90000 1. 50839

50 16 137.36441 26.88549

17 -131.18161 15.00000 1. 50839
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18 450.35044 53.03407
5

19 1459.21001 35 . 00000 1 50A3QX . JUOJ7

20 -182.99101 14 . 91509

10
21 -132.88561 22 . 80000

22 -199.28914 2 . 79782

23 -5536.72998 27 00000
15

24 -310.74563 2 .87255

25 528.12523 28.00000

20 26 -1200.55000 2 . 49780

27 320.15215 30 . 00000 1 50839

28 -2820.19000 1 . 64701
25

29 239.46093 31 ooooo

30 -2425 . 69000

30 .

31 00 21 ooonn

32 148.13116 9 76890

33 207.41773 17 .00000 1 50839
35

34 155.42831 31 . 54706

35 -218.29971 15 90000 x

•

juoj?

40
36 304.21175

37 -175 .66635 18 00000 X

.

jUOj?

38 -1130.86000 6.28784
45

39 -485.73656 23 . 00000 1 50A3Q

Art -216.43349 1.14438

50
41 2806.14999 23.00000 1.50839

42 -316.00620 2.92283

43 437.43410 38.00000 1.50839

55

17
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AA —355j j j •
3 9Q f\A 11 A Qfl

A5 ^ o j •
7375AI O f DO 77 nnnnn 1

.

Aft —3 fin c ai a*3U1U4 1 • 1UU / 1

Al D / 7JJ oc a a n n r\ZD * UUUUU 1 .
C A O O A50839

z ZUUU j| O O A O4 . 83032

1 7A1 / O • JZ . uuuuu 1 .
C A A ^ A50839

50 571 77 o • zyiy4

51J X 1 37 Afi R A A OA AAAAAJ?. yuuuu •*

1 .
C A O O A50839

52 •3 &O • 51 5Q7J1J7 / 7 * OZD /

1

53 5 3 o i rm Zo . UUUUU C A Q O A5U839

5A Al / UDjO T AilQQC
/ . U4o9o

55 92. 81520 34.00000 1. 50839

56 511. 57718 2.00000

57 482. 15006 35.00000 1. 50839

58 1631. 30000

35

40

45

50

18
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(Table 4) Values corresponding to the Conditions in the

Second Embodiment

(1) fl /f3 = 1.50

(2) f2 /f 4 = 1.39

(3) f5 /L= 0.0971

(4) f 6 /L= 0.158

(5) fn /f 2 = 0.568

(6) I/L= 2.21

(7) f24/f23= 1.01

(8) l22/f23= 1.21

(9) D/L= 0.0858

(10) f 4 /L= -0.0621

(11) f 2 /L= -0.0861

(12) (r5p-r5n) / (r5p+r5n) = 0.202

(13) (r4F- r 4R) / (r 4F+ T4R) = -0.731

(14) (r5R-T6F) / (T5R+ T6F) = -0.0637

(15) d56/L= 0.00587

(16 ) d6 /r 6F= 1.08

(17) (T5F- r 5R) / (T5F+ r 5R) = 0.739

(18) 1/ (021- L) = 0.719

(19) f 21/L= 0.239

(2 0) f 2F/f 2R= 0.533

19
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(Table 5) Third Embodiment

5 dO = 104.69561

B= 1/5

N A = 0.55
10

Bf= 29.13809

L= 1200

75

r d n

1 1364. 36000 23 .00000 l .50839

2 -612. 17411 20 .81278

3 699. 63988 24 .00000 l .50839

4 -301. 81026 7 .92536

5 -248. 00150 20 .00000 1 .50839

6 -614. 52792 1 .04750

7 332. 05244 27 .00000 1 .50839

8 -582. 52759 0 .97572

9 232. 12759 24 .00000 1 .50839

10 110. 33434 27 .04713

11 230. 79590 23 .00000 1 .50839

12 -359. 85171 i .10686

13 -1275. 75999 17 .00000 1 .50839

14 127. 98361 18 .76700

15 -569. 83204 12 .90000 1 .50839

16 140. 20359 26 .88549

17 -108. 76770 15 .00000 1 .50839

20
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18 593.61218 51 .86789

19 2324.85999 35 .00000 1 .50839

20 -163.53564 14 .91509

21 -121.26603 22 .80000 1 .50839

22 -192.12364 2 .79782

23 -4480.40997 27 .00000 1 .50839

24 -297.83388 2 .87255

25 445.50685 28 .00000 1 .50839

26 -877.28296 2 .49780

27 422.96766 27 .00000 1 .50839

28 -1570.03000 1 .64701

29 230.95785 31 .00000 1 .50839

30 3000.00000 8 .60527

31 1800.00000 21 .00000 1 .50839

32 138.38357 9 .76890

33 191.56081 17 .00000 1 .50839

34 157.70119 31 .54706

35 -217.22866 15..90000 1 .50839

36 294.71194 56..69427

37 -173.19975 18..00000 1,.50839

38 -973.64548 6..28784

39 -467.87775 23..00000 1,.50839

4f) l

.

. 14438

41 2688.16000 23. 00000 1..50839

42 -320.45010 2. 92283

43 441.22198 40. 00000 1. 50839

21
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44 -347. 09282 9 .43498

45 -239. 46132 27 .00000 1 .50839

46 -386. 98159 1 .10071

47 381. 41679 28 .00000 1 .50839

48 -2576. 25000 4 .83032

49 186. 44642 29 .00000 1 .50839

50 570. 80649 3 .29194

51 138. 75412 39 .90000 1 .50839

52 316. 26440 9 .82671

D .3
cn»DU4 . J /O /

3

23 . 00000 1 . 50839

54 80. 26770 7 .04896

55 91. 17058 71 .00000 1,.50839

56 1553. 61000
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(Table 6) Values corresponding to the Conditions in the

Third Embodiment

1) fl /f 3 = 1.46

2) f 2 /f4 = 1.27

3) f 5 /L= 0.0977

4) f 6 /L= 0.156

5) f n /f 2 = 0.591

6) I/L= 2.93

7) f24/f23= 0.816

8) f22/f23= 1.04

9) D/L= 0.0848

1 0

1 1

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2 0

f4 /L= -0.0645

f2 /L = -0.0816

(r5p-r5n) / (r5p+r5n) = 0.184

(T4F-r4R) / (r4F+r4R) = -0.698

(r5R-T6F) / (r5R+r6F) = -0.0636

d56/L= 0.00587

d6 /r6F= 1.10

(r5F-r5R) / (r5F+r5R) = 0.725

1/ (021 • L) = 0.590

f2l/L= 0.234

f2F/f2R= 0.611

23
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(Table 7) Fourth Embodiment

do = 104.71662

QD — 1 / KI/O

NA = 0.55

B f = 28.76320

L = 1200

r d n

1 955.26796 23.00000 1.50839

2 -675.53148 20.81278

3 788.04209 24.00000 1. 50839

4 -320.77870 7.92536

5 -261.99847 20.00000 1. 50839

6 -613.40707 1.04750

7 343.77433 27.00000 l. 50839

8 -614.74297 0.97572

9 220.40014 24.00000 l. 50839

10 111.87626 27.04713

11 230.00000 23.00000 l. 50839

12 -410.00000 1.10686

13 -2449.05000 17.00000 l. 50839

14 118.87129 18.76700

15 -632.77988 12.90000 1. 50839

16 143.15226 26.88549

17 -108.88557 15.00000 1. 50839
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18 595. 22400 52 .22565

19 1526. 21000 35 .00000 1

.

50839

20 -168. 52598 14 .91509

21 -120. 87196 22 .80000 1. 50839

22 -188. 10351 2 .79782

23 -3191. 22000 27 .00000 1

.

50839

24 -296. 62706 2 .87255

25 697. 45117 28 .00000 1

.

50839

26 -669. 27158 2 .49780

27 358.82454 27 .00000 1. 50839

28 -2986. 21000 1 . 64701

29 223. 50971 31 .00000 1. 50839

30 -1510

.

16000 8 . 60527

31 -3596. 81000 21 .00000 1

.

50839

32 141. 11696 9 . 76890

33 194. 35300 17 .00000 1

.

50839

34 157. 66411 31 .54706

35 -209. 96142 15 .90000 1

.

50839

36 307. 10883 56 .68624

37 -175. 13115 18 .00000 1

.

50839

38 -1162. 95000 6 .28784

39 -505. 38166 23 .00000 1

.

50839

40 -213. 39177 1 .14438

41 3114. 45000 23 .00000 1. 50839

42 -339. 03822 2 .92283

43 460. 54759 40 .00000 1. 50839

25
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44 -326.27369 9.43498

5
45 -231.89968 27.00000 1.50839

46 -372.57441 1.10071

10
47 390.03678 28.00000 1.50839

48 -1994.66000 4.83032

49 182.18377 29.00000 1.50839

15

50 525.45378 3.29194

51 138.67730 39.90000 1.50839

20
52 312.43609 9.82671

53 511.48346 23.00000 1.50839

54 81.45867 7.04896

25
D D j4* uuuuu X . JUOJ7

56 934.34560 2.00000

30
57 826.70065 35.00000 1.50839

58 1680.21000 (Bf)

35

40

45

50
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(Table 8) Values corresponding to the Conditions in the

Fourth Embodiment

( 1 ) f 1 /f 3 = 1.55

(2) f2 /f4 = 1.39

(3) f5 /L= 0.0975

(4) f6 /L= 0.158

(5) fn /f 2 = 0.576

(6) I/L= 3.05

(7) f24/f23= 0.787

(8) f22/f23= 0.974

(9) D/L= 0.0851

(10) f 4 /L= -0.0606

(11) f 2 /L= -0.0843

(12) (r5p-r5n) / (r5p+r5n) = 0.169

(13) (T4F- T4R) / (T4F+ T4R) = -0.738

(14) (r5R-r6F) / (r5R+r6F) = -0.0695

(15) d56/L= 0.00587

(16) d6 /r6F= 1.07

(17) (r5F-r5R) / (r 5F+T5R) = 0.725

(18) 1/ (021 • L) = 0.672

(19) f 2l/L= 0.244

(2 0) f 2F/f 2R= 0.642
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(Table 9) Fifth Embodiment
5

dO = 105.99385

B= 1/5

10
NA= 0.55

Bf= 28.96856

L= 1200

15

r d n

1 723. 32335 28.00000 1. 50839

2 -571. 27029 2.00000

3 -8470. 94995 20.00000 1. 50839

4 324. 13159 7.92536

5 360. 44110 28.00000 1. 50839

6 -432. 97069 1.04750

7 397. 04484 27.00000 l

.

50839

8 -825. 96923 0.97572

9 214. 74004 31.00000 l. 50839

10 110. 51892 24.04713

11 229. 41181 26.00000 i

.

50839

12 -396. 52854 1.10686

13 -1014. 34000 17.00000 1. 50839

14 137. 90605 18.76700

15 -418. 55207 12.90000 1. 50839

16 138. 89479 26.88549

17 -133. 71351 15.00000 l. 50839

28
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18 561 .35918 52 .53782

19 1381 .31000 35 .00000 1. 50839

20 -188 •69074 14 .91509

21 -134 .03345 22 .80000 1. 50839

22 -198 .69180 2 .79782

23 -3029 .37000 27 .00000 1. 50839

24 -333 .96362 2 .87255

25 905 .53484 28 .00000 1. 50839

26 -611 .80005 2 .49780

27 254 .70879 30 .00000 1. 50839

28 3936 .53000 1 .64701

29 239 .51669 31 .00000 1. 50839

30 -1238 .94000 5 . 60527

31 -2379 .42001 21 .00000 1. 50839

32 150 .43068 9 .76890

33 209 . 21387 17 .00000 1. 50839

34 149 .67785 31 .54706

35 -199 .55198 15 .90000 1. 50839

36 341 .76300 57 .70880

37 -170 .75300 18 .00000 1. 50839

38 -3700 . 60999 6 .28784

39 -1025 .75000 23 .00000 1. 50839

40 -212 .37919 1 .14438

41 -3009 .97000 23 .00000 1. 50839

42 -312 .33647 2 .92283

43 401 .05778 37 .00000 1. 50839

29
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i

44 -361 . 42967 12 .43498

4S -231 . 63315 27 .00000 1 .50839

-31 9«J X 7 48896 1 .10071

47 O mJ -J 64Q1 9• UtT7X7 25 .00000• \J w Vw V 1 . 50839

3678 53000 4 .83032

4Q 1 77x / / 43364 32 00000 1 .50839

553~j *j »j 83964 3 . 29194

J X 1 37 68?48 39 90000. ^WWW 1 .50839

^ z» 130J JV 8634? 9 .82671

53 587 .42747 23 .00000 1 .50839

54 81 .23164 7 .04896

55 93 .74477 71 .00000 1 .50839

56 1555 .42999

30

35

40

45

50
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(Table 10) Values corresponding to the Conditions in

the Fifth Embodiment

1) fl /f3 = 1.58

2) f2 /f4 = 1.63

3) f 5 /L= 0.0923

4) f 6 /L= 0.161

5) fn /f 2 = 0.554

6) I/L= 2.27

7) f24/f23= 1.04

8) f22/f23= 1.17

9) D/L= 0.0853

1 0

1 1

1 2

1 3

1 4

1 5

1 6

1 7

1 8

1 9

2 0

f 4 /L= -0.0564

f 2 /L= -0.0919

(r5p-r5n) / (r5p+r5n) = 0.219

(r 4F- r 4R) / (r 4F+ r4R) = -0.912

(r5R-r6F) / (r5R+r6F) = -0.0715

d56/L= 0.00587

d6 /r6F= 1.07

(r 5F-T5R) / (r 5F+T5R) = 0.757

1/ (021 • L) = 0.650

f2l/L= 0.242

f2F/f2R= 0.541
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(Table 11) Sixth Embodiment

do = 105.91377

B= 1/5

N A= 0.55

Bf= 28.96856

L= 1200

r d n

1 723.70616 28.00000 1.50839

2 -571.49375 1.98414

3 -8427.42000 20.00000 1.50839

4 324.06902 8.06076

5 360.49965 28.00000 1.50839

6 -432.97519 1.01484

7 397.09644 27.00000 1. 50839

8 -826.03537 0.88781

9 214.74356 31.00000 l. 50839

10 110.51666 24.03750

11 229.41181 26.00000 1. 50839

12 -396.60684 1.12963

13 -1014.38000 17.00000 1 .50839

14 137.92108 18.76756

15 -418.59453 12.90000 l. 50839

16 138.90550 26.88587

17 -133.71351 15.00000 1.,50839
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18 561.20342 52.51989

5
19 1381.31000 35.00000 1.50839

20 -188.68876 14.85490

10
21 -134.03581 22.80000 1.50839

22 -198.68592 2.89585

23 -3029.37000 27.00000 1.50839

75
24 -333.96362 2.88769

25 905.64444 28.00000 1.50839

SO
26 -611.80428 2.47699

27 254.70879 30.00000 1.50839

28 3936.53000 1.61920

25
29 239.51669 31.00000 1. 50839

30 -1238.94000 5.60156

30
31 -2379.42000 21.00000 1.50839

32 150.42879 9.73510

33 209.20275 16.99160 1.50839

35
34 149.68297 31.54706

35 -199.55198 15.90229 1.50839

40
36 341.76300 57.70389

37 -170.75300 18.00000 1.50839

38 -3700.61000 6.28293

45 39 -1025.75000 23.00000 1.50839

40 -212.37919 1 . 14438

50
41 -3009.97000 23.00000 1.50839

42 -312.33647 2.89661

43 401.05778 37.00000 1.50839
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44 -361. 42967 12.47918

45 -231..65257 27.00000 1..50839

46 -319,.51171 1.23912

47 355 .64919 25.00000 1 .50839

48 3678 .53000 4.82925

49 177 .43453 32.00000 1 .50839

50 553 .98339 3.26768

51 137 .68248 39.90000 1 .50839

52 330 .86342 9.82671

53 587 .42747 23.00000 1 .50839

54 81 .23164 7.04896

55 93 .74477 71.00000 i .50839

56 1555 .43000 (Bf)

30

35

40

45

50

55
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10

15

20

25

30

35

40

45

(Table 12) Values corresponding to the Conditions in

the Sixth Embodiment

(1) fl /f3 = 1.58

(2) f 2 /f4 = 1.63

(3) f 5 /L = 0.0924

(4) f 6 /L = 0.161

(5) fn /f 2 = 0.554

(6) I/L= 2.,25

(7) f 24/f 23= 1.04

(8) f 22/f 23 = 1.17

(9) D/L= 0. 0853

(10) f 4 /L= -0.0564

(1 1) f 2 /L= -0.0919

(12) (r5p-r5n) / (r5p+r5n) = 0.218

(13) (r4F-r4R) / (r4F+r4R) = -0.911

(14) (r5R-r6F) / (r5R+T6F) = -0.0715

(15) d56/L= 0.00587

(16) d6 /r6F= 1.07

(17) (r5F-T5R) / (r5F+T5R) = 0.757

(18) 1/ (021 • L) = 0.650

(1 9) f 21/L= 0.242

(2 0) f2F/f2R= 0.541

In the above-described first embodiment, 1/|*L| = 0.149 for the object-side lens surface of the positive lens L^,
thus satisfying the condition (21). In the second embodiment, 1/]*L| = 0.152 for the object-side lens surface of the
positive lens and 1/|*L| = 0.709 for the object-side lens surface of the positive lens Lea thus satisfying the condition
(21). In the third embodiment, ^/\^^ = 0.149 for the object-side lens surface of the positive lens Lei, thus satisfying the
condition (21). In the fourth embodiment, 1/|*L| = 0.153 for the object-side lens surface of the positive lens Lei and
1/]*L| = 1 .36 for the object-side lens surface of the positive lens L62 . thus satisfying the condition (21). In the fifth embod-
iment, 1/|4>L| = 0.153 for the object-side lens surface of the positive lens L^, thus satisfying the condition (21). In the
sixth embodiment. 1/14>L| = 0.154 for the object-side lens surface of the positive lens Lei. thus satisfying the condition
(21). Therefore, the sixth lens group Ge in each embodiment is composed of three or less lenses having the lens sur-
face^) satisfying the condition (21).
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From the above values of specifications for the respective embodiments, it is understood that the telecentricity is

achieved on the object side (on the reticle side) and on the image side (on the wafer side) while maintaining a relatively

wide exposure area and a large numerical aperture in each embodiment.

Fig. 9, Fig. 10, Fig. 11, Fig. 12, Fig. 13, and Fig. 14 show aberration diagrams of various aberrations in the first to

the sixth embodiments according to the present invention.

Here, in each aberration diagram, NA represents the numerical aperture of the projection optical system and Y the
image height. In each aberration diagram of astigmatism, the dotted line represents a meridional image surface (merid-
ional image surface) and the solid line a sagittal image surface (sagittal image surface).

From comparison of the aberration diagrams, it is seen that the various aberrations are corrected in a good balance
in each embodiment, particularly the distortion is corrected very well over the entire image up to a nearly zero state and
the high-resolving-power projection optical system is achieved with a large numerical aperture.

Although the above embodiments showed the examples where the excimer laser for supplying the light of 248.4 nm
was used as a light source, it is needless to mention that, without a need to be limited to the examples, the present
invention can be applied to systems using extreme ultraviolet light sources such as an excimer laser for supplying the
light of 193 nm, mercury arc lamps for supplying the light of the g-line (436 nm) or the Mine (365 nm), or light sources
for supplying the light in the ultraviolet region other than those.

In the embodiments neither of the lenses constituting the projection optical system is a compound lens, and either

of them is made of a single optical material, i.e., of quartz (SiO^. Here, a cost reduction can be achieved because a
single optical material forms each lens in the above embodiments. However, if the exposure light has a certain half width,

a chromatic aberration can be corrected by a combination of quartz (SiO^ and fluorite (CaFz) or by a combination of
other optical materials. Further, if the exposure light source supplies the exposure light in a wide band, the chromatic
aberration can be corrected by a combination of plural types of optical materials.

As described above, the exposure apparatus relating to the present invention has achieved the projection optical

systems which are bitelecentric optical systems with a relatively wide exposure area kept and which are high-resolving-

power projection optical systems in which the various aberrations are corrected in a good balance and which have a
large numerical aperture. Particularly, the distortion is corrected very well in the projection optical systems of the present
invention. Accordingly, the present invention can enjoy an extreme reduction of image stress, because the distortion is

also conected very well in addition to the achievement of the bitelecentricity.

From the invention thus described, it will be obvious that the invention may be varied in many ways. Such variations
are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications as would be
obvious to one skilled in the art are intended to be included within the scope of the following claims.

TTie basic Japanese Application No. 6-31 1050 (31 1050/1994) filed on December 14, 1994 is hereby incorporated
by reference.

Claims

1. A projection optical system located between a first and second objects, for projecting an image of the first object
onto the second object, said projection optical system having:

a first lens group with positive refracting power, said first lens group being placed between the first and second
objects;

a second lens group with negative refracting power, said second lens group being placed between said first

lens group and the second object;

a third lens group with positive refracting power, said third lens group being placed between said second lens
group and the second object;

a fourth lens group with negative refracting power, said fourth lens group being placed between said third

lens group and the second object;

a fifth lens group with positive refracting power, said fifth lens group being placed between said fourth lens
group and the second object; and

a sixth lens group with positive refracting power, said six lens group being placed between said fifth lens
group and the second object.

2. A projection optical system according to claim 1 , wherein said first lens group includes at least two positive lenses,

said third lens group includes at least three positive lenses, said fourth lens group includes at least three negative
lenses, said fifth lens group includes at least five positive lenses and at least one negative lens, and said sixth lens
group includes at least one positive lens.

3. A projection optical system according to claim 1 , wherein said second lens group comprises a front lens placed as
closest to the first object and having negative refracting power with a concave surface to the second object, a rear
lens placed as closest to the second object and having negative refracting power with a concave surface to the first
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object and an intermediate lens group placed between said front and rear lenses in said second lens group, and
wherein said intermediate lens group has a firstlens with positive refracting power, a second lens with negative

refracting power, a third lens with negative refracting power, and a fourth lens with negative refracting power in the
named order from the side of the first object

4. A projection optical system according to claim 3 ( wherein the first lens with positive refracting power in said inter-

mediate lens group in said second lens group has a lens shape with a convex surface to the second object.

5. A projection optical system according to claim 2, wherein said fourth lens group comprises a front lens placed as
closest to the first object and having negative refracting power with a concave surface to the second object, a rear
lens placed as closest to the second object and having negative refracting power with a concave surface to the first

object, and at least one negative lens placed between said front lens in said fourth lens group and said rear lens in
said fourth lens group.

6. A projection optical system according to claim 1 , wherein said fifth lens group comprises a negative meniscus lens,
and a positive lens placed as adjacent to a concave surface of said negative meniscus lens and having a convex
surface opposed to the concave surface of said negative meniscus lens.

7. A projection optical system according to claim 6, wherein said negative meniscus lens and said positive lens adjacent
to the concave surface of said negative meniscus lens are placed between at least one positive lens in said fifth

lens group and at least one positive lens in said fifth lens group.

8. A projection optical system according to claim 1 , wherein said fifth lens group comprises a negative lens placed as
closest to the second object and having a concave surface opposed to the second object

9. A projection optical system according to claim 8, wherein said sixth lens group comprises a lens placed as closest
to the first object and having a convex surface opposed to the first object

1 0. A projection optical system located between a first and second object, for projecting an image of the first object onto
the second object, said projection optical system having a first lens group with positive refracting power, a second
lens group, a third lens group with positive refracting power, a fourth lens group with negative refracting power, a
fifth lens group with positive refracting power, and a sixth lens group with positive refracting power in the named
order from the side of the first object,

wherein said second lens group comprises a front lens placed as closest to the first object and having negative
refracting power with a concave surface to the second object a rear lens placed as closest to the second object
and having negative refracting power with a concave surface to the first object, and an intermediate lens group
placed between said front and rear lenses in said second lens group,

wherein said intermediate lens group has a first lens with positive refracting power, a second lens with negative
refracting power, a third lens with negative refracting power, and a fourth lens with negative refracting power in the
named order from the side of the first object and

wherein the following conditions are satisfied when a focal length of said first lens group is f 1p a focal length
of said second lens group is f2, a focal length of said third lens group is f3 . a focal length of said fourth lens group
is f4 .

a focal length of said fifth lens group is f5 , a focal length of said sixth lens group is f6 , an overall focal length of
said second lens to said fourth lens in said intermediate lens group in said second lens group is fn , and a distance
from the first object to the second object is L:

0.1 <f
1
/f 3 <17

0.1 <f 2/f4 <14

0.01 <f 5/L<0.9

0.02 <f 6/L< 1.6

0.01 <f
r
/f2 <2.0.

1 1
.
A projection optical system according to claim 10. wherein the following condition is satisfied when an axial distance
from the first object to a first-object-side focal point of the whole of said projection optical system is I and the distance
from the first object to the second object is L:
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1.0 < l/L

1 2. A projection optical system according to daim 1 0, wherein said first lens group includes at least two positive lenses,

said third lens group includes at least three positive lenses, said fourth lens group includes at least three negative

lenses, said fifth lens group includes at least five positive lenses and at least one negative lens, and said sixth lens

group includes at least one positive lens.

1 3. A projection optical system according to claims 1 0, wherein said intermediate lens group in said second lens group
has negative refracting power.

1 4. A projection optical system according to claims 1 0, wherein the following condition is satisfied when the focal length

of said second lens group is f2 and the distance from the first object to the second object is L:

-0.8 <f 2/L< -0.050.

15. A projection optical system according to claims 10, wherein the following condition is satisfied when a focal length

of said front lens placed as closest to the first object in said second lens group and having negative refracting power
with a concave surface to the second object is f2F and a focal length of said rear lens placed as closest to the second
object in said second lens group and having negative refracting power with a concave surface to the first object is f2R :

0*f 2F/f 2R <18.

16. A projection optical system according to daim 10, wherein the following condition is satisfied when a focal length

of said third lens with negative refracting power in said second lens group is and a focal length of said fourth lens

with negative refracting power in said intermediate lens group in said second lens group is f24 :

0.07<f 24/f23 <7.

17. A projection optical system according to claim 10, wherein the following condition is satisfied when a focal length

of said second lens with negative refracting power in said intermediate lens group in said second lens group is f^
and a focal length of said third lens with negative refracting power in said intermediate lens group in said second
lens group is f^:

0.1 <f 22/f 23 < 10.

18. A projection optical system according to claim 10, wherein the following condition is satisfied when an axial distance
from a second-object-side lens surface of said fourth lens with negative refracting power in said intermediate lens
group in said second lens group to a first-object-side lens surface of said rear lens in said second lens group is D
and the distance from the first object to the second object is L

0.05 < D/L < 0.4.

19. A projection optical system according to claim 10, wherein said first lens with positive refracting power in said inter-

mediate lens group in said second lens group has a lens shape with a convex surface to the second object, and
wherein the following condition is satisfied when the refracting power of a second-object-side lens surface of

said first lens with positive refracting power in said intermediate lens group in said second lens group is <I>21 and
the distance from the first object to the second object is L:

0.54<1/(4> 21 .|_)<10.

20. A projection optical system according to claim 10, wherein the following condition is satisfied when a focal length

of said first lens with positive refracting power in said intermediate lens group in said second lens group is f2 i and
the distance from the first object to the second object is L

0.230 <f
21/L< 0.40.

21
. A projection optical system according to claim 10, wherein the following condition is satisfied when the focal length

of said fourth lens group is U and the distance from said the first object to the second object is L:

38



EP 0 717 299 A1

-0.098 <f 4/L< -0.005.

22. A projection optical system according to claim 10, wherein said fourth lens group comprises a front lens placed as

closest to the first object and having negative refracting power with a concave surface to the second object, a rear

lens placed as closest to the second object and having negative refracting power with a concave surface to the first

object, and at least one negative lens placed between said front lens in said fourth lens group and said rear lens in

said fourth lens group, and

wherein the following condition is satisfied when a radius of curvature on the first object side in said rear lens

placed as closest to the second object in said fourth lens group is r4F and a radius of curvature on the second object

side in said rear lens placed as closest to the second object in said fourth lens group is r4R :

-1.00^(r 4F -r4R)/(r 4F + r4R)<0.

23. A projection optical system according to claim 1 0, wherein said fifth lens group comprises a negative meniscus lens,

and a positive lens placed as adjacent to a concave surface of said negative meniscus lens and having a convex
surface opposed to the concave surface of said negative meniscus lens, and

wherein the following condition is satisfied when a radius of curvature of the concave surface of said negative

meniscus lens in said fifth lens group is r5n and a radius of curvature of the convex surface opposed to the concave
surface of said negative meniscus lens in said positive lens placed adjacent to the concave surface of said negative

meniscus lens in said fifth lens group is :

0 <(r 5p-r 5n)/(r5p + r 5n)<1.

24. A projection optical system according to claim 23, wherein said negative meniscus lens and said positive lens adja-

cent to the concave surface of said negative meniscus lens are placed between at least one positive lens in said

fifth lens group and at least one positive lens in said fifth lens group.

25. A projection optical system according to claim 10, wherein said fifth lens group comprises a negative lens placed
as closest to the second object and having a concave surface opposed to the second object, and

wherein the following condition is satisfied when a radius of curvature on the first object side in said negative

lens closest to the second object in said fifth lens group is r5F and a radius of curvature on the second object side

in said negative lens closest to the second object in said fifth lens group is r5R :

0.30 < (r 5F - r5R)/(r 5F + r5R) < 1.28.

26. A projection optical system according to claim 10, wherein said fifth lens group comprises a negative lens placed

as closest to the second object and having a concave surface opposed to the second object and said sixth lens

group comprises a lens placed as closest to the first object and having a convex surface opposed to the first object,

and

wherein the following condition is satisfied when a radius of curvature on the second object side, of said

negative lens placed as closest to the second object in said fifth lens group is r5R and a radius of curvature on the

first object side, of said lens placed as closest to the first object in said sixth lens group is r6F :

-0.90 < (r 5R - r 6F)/(r 5R + r 6F) < -0.001.

27. A projection optical system according to claim 10, wherein the following condition is satisfied when a lens group
separation between said fifth lens group and said sixth lens group is d$e and the distance from the first object to the

second object is L:

d 56/L< 0.017.

28. A projection optical system according to claim 10, wherein the following condition is satisfied when a radius of

curvature of a lens surface closest to the first object in said sixth lens group is r6F and an axial distance from the

lens surface closest to the first object in said sixth lens group to the second object is d6 :

0.50<d 6/r 6F < 1.50.

29. A projection optical system according to claim 10, wherein said sixth lens group comprises three or less lenses

having at least one surface satisfying the following condition:
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1/|^>L| < 20.

where <£>: refracting power of the lens surface;

L object-image distance from the first object to the second object

30. A projection optical system according to claims 1 0, wherein a magnification of said projection optical system is 5:1

.

31. An exposure apparatus comprising:

a stage allowing a photosensitive substrate to be held on a main surface thereof;

an illumination optical system for emitting exposure light of a predetermined wavelength and transferring a
predetermined pattern on a mask onto the substrate; and

a projecting optical system for projecting an image of the mask, on the substrate surface, said projecting

optical system having:

a first lens group with positive refracting power, said first lens group being placed betwen the mask and the

main surface of said stage;

a second lens group with negative refracting power, said second lens group being placed between said first

lens group and the main surface of said stage;

a third lens group with positive refracting power, said third lens group being placed between said second lens

group and the main surface of said stage;

a fourth lens group with negative refracting power, said fourth lens group being placed between said third

lens group and the main surface of said stage;

a fifth lens group with positive refracting power, said fifth lens group being placed between said fourth lens

group and the main surface of said stage; and

a sixth lens group with positive refracting power, said sixth lens group being placed between said fifth lens

group and the main surface of said stage.

32. An exposure apparatus according to claim 31, wherein said second lens group comprises a front lens placed as
closest to the first object and having negative refracting power with a concave surface to the second object, a rear

lens placed as closest to the second object and having negative refracting power with a concave surface to the first

object, and an intermediate lens group placed between said front and rear lenses in said second lens group,

wherein said intermediate lens group hasa first lens with positive refracting power, asecond lens with negative

refracting power, a third lens with negative refracting power, and a fourth lens with negative refracting power in the

named order from the side of the first object, and

wherein the following conditions are satisfied when a focal length of said first lens group is f1, a focal length

of said second lens group is f2, a focal length of said third lens group is f3, a focal length of said fourth lens group
is f4 , a focal length of said fifth lens group is f5 , a focal length of said sixth lens group is f6 , an overall focal length of

said second lens to said fourth lens in said intermediate lens group in said second lens group is fn , and a distance

from the first object to the second object is L:

0.1 <f
1
/f 3 <17

0.1 <f
2/f 4 < 14

0.01 < f5/L <0.9

0.02<f 6/L < 1.6

0.01 <f n/f 2 <2.0.

40



EP 0 717 299 A1

41



EP 0 717 299 A1

Fig.

2

42



EP 0 717 299 A1

43



EP 0 717 299 A1

44



EP 0 717 299 A1

45



EP 0 717 299 A1

46



EP 0717 299 A1

47



EP 0 717 299 A1

00

48



EP 0717 299 A1

CM
OO
O*

* I-
u

T
CMO
o
d CM

0>

CMO
O
d
+

2 h
u

T
CMo
o
d
I o

n

CM
O
O
d

0>

10

in

u

CM
o
o

•

o

o
+

o
o*

I

<

o
o

o
t-
<n
Q

s h=IIII

>-

CMoo
d

CM
oo
d

g
i-

<

m
d
It

<

CVJoo
d

CMoo
d

era:
iu q:

£L CD
co <

49



EP 0 717 299 A1

CD

CM
o
o
d
+

CMO
o
d

i

CM

ii

>-

CM
O
O
d

CM
O
o

CM
O
O

O O
' o +

CM
O
O
d
I

o
o

CO

tO*

u

O
o*

o
d

q:
o
cn

Q

CO

lO

M

m
in

CMO
O
O*

CM

8
d

i

CM
Oo
o

CMo
o
d

i

CO

o
I-
co
<

cecc
uice

£L CD
CO <

50



EP 0 717 299 A1

10

lO

fl

CM
O
O
d

CVJ

o
o
d CM

0>

CVJ

O
o
d
+

H 2 h
II

<M
O
O
O*
l o

n

<M
O
O
d

cvj

O
o
o*

<

o
o

<0

u
>-

o
d

o
d

o
CO

Q

CO

tO

it [—«r=r=

tO
lO

d
n

CMO
O

CM

8
d

i

CM
OO
d

CM
oo

CO

o
I-

<

(to:
uiq:
iiu
(LCD
co<

51



EP 0 717 299 A1

T

CD

CM
O
O
d
+

a

CVJ

CM
o
o
o*
I

CM

CM
o
o
d

ii

CM
O
o
d
i o

II

>-

CM
O
O
d
+

CM
O
O
d

<

o
a

n
>-

O
d

o
d
t

a:
o
(/>

Q

s |_
II I

to
to

o"
II

<

CMo
o
d

CM
OO
d

I

CMOo
d
1-

CM

8

5

5o
i—

<

tea:
UJ ct
xiu
(LCD
cn <

52



EP 0717 299 A1

ro

CM
OO

<0 H

S
I-

CMOO
d

I

n

CMO
o
6
+

CM
O
O
o

CM
O
O
d

o

CM
O
o
o
I

o
o

CD

to

d

O
o

o
o*

q:
o
i-
CO
Q

CO

a
>-

tO
IO

CMO
o
d

CM

8
d
i

CMOO

CM
Oo

5
c/>

<

CECC

xui
(LCD
C/)<

53



EP 0717 299 A1

CM
O
O

7

CMO
O
d

i

CM
CD

CM
O
O
d
+

H 2
u

>-

CM
OO

CM
O
O

o o
' o *

±

CM
o
o
o*
I

o
o

<

iO

n

O
d

o
t

o
<n

Q

lO

H
>-

lO
in

2 h-<
2

CM
O
O
d

CM
OO
d

I

cm
oo

CM
oo

5

o

<

<1
CtQC
ujo:
xuj
CL CDOX

54



EP 0 717 299 A1

European Patent

Office
EUROPEAN SEARCH REPORT

Application Number

EP 95 10 1619

DOCUMENTS CONSIDERED TO BE RELEVANT

Category
Citation of document frith indication, where appropriate,

of relevant passage*

Relevant

to ftaHfT*

CLASSIFICATION OF THE
APPLICATION (IntCL*)

A

A

US-A-5 159 496 (KATAOKA)
* the whole document *

US-A-3 737 215 (DE JAGER)
* the whole document *

1,10,31

1,10,31

G02B13/24
G02B9/62
G02B13/14
G03F7/20

A US-A-4 080 048 (KIMURA)
* the whole document *

1,10,31

A W0-A-93 04391 (EASTMAN KODAK)
* the whole document *

1,10,31

A US-A-3 955 883 (SUGIYAMA)
* the whole document *

1,10,31

A PATENT ABSTRACTS OF JAPAN

vol. 7, no. 73 (P-186) 25 March 1983

& JP-A-58 004 112 (OLYMPUS)
* abstract; figure *

1,10,31

D,A US-A-5 260 832 (TOGINO ET AL)
* the whole document *

PATENT ABSTRACTS OF JAPAN

vol. 17, no. 586 (P-1633) 26 October 1993

& JP-A-05 173 065 (OLYMPUS) 13 July 1993
* abstract; figure *

1,10,31 TECHNICAL FIELDS
SEARCHED (Int.CI.6)

D,A 1,10,31

G02B
G03F

D,A PATENT ABSTRACTS OF JAPAN
vol. 12, no. 366 (P-765) 30 September 1988

& JP-A-63 118 115 (SIGMA) 23 May 1988
* abstract; figure *

1,10,31

Hie present search report ins been drawn op for all claims

THE HAGUE 4 April 1995 Ward, S

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if takes alone

Y : particularly relevant if combine*} with another

document of the same category

A : technological background

O : noo-written disclosure

P : Intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or

after the filing date

D : document dted in the application

L : document dted for other reasons

A : member of the same patent family, corresponding

55


